Self-diffusion of silicon is measured between 855 and 1388 ± C in highly isotopically enriched 28 Si layers. The profiles of 29 Si and 30 Si are determined by secondary ion mass spectrometry. Temperature dependence of the self-diffusion coefficients is accurately described over seven orders of magnitude with one diffusion enthalpy of 4.75 eV. This single enthalpy indicates that self-interstitials dominate self-diffusion. The high accuracy of our data enables us to estimate an upper bound for the vacancy-assisted diffusion enthalpy of 4.14 eV, which agrees with recent theoretical calculations.
Self-diffusion in a homogeneous solid is a fundamental process of matter transport [1] . Optimal media for self-diffusion studies are chemically pure and structurally perfected single crystals of semiconductors. The native defects-such as vacancies and self-interstitials-have been established as the prime entities controlling the selfdiffusion as well as the diffusion of impurities in semiconductor lattices. Diffusion is essential for semiconductor device technology, yet the present qualitative and quantitative understanding of the physics of diffusion in Si is far from satisfactory [2, 3] . This paper reports self-diffusion in Si with one layer of the highly enriched isotope 28 Si incorporated in a heterostructure, which otherwise represents a homogeneous Si sample. Secondary ion mass spectrometry (SIMS) with high spatial resolution yields new information, revealing that self-interstitials dominate self-diffusion over a wide temperature range.
Silicon self-diffusion experiments were carried out using the radiotracer 31 Si with a half-life of about 2.6 h [4] [5] [6] [7] . However, this short-lived radiotracer limits such studies to a narrow high-temperature range near the melting point T m 1412 ± C. Other self-diffusion experiments utilizing the stable isotope 30 Si in conjunction with neutron activation analysis [8] , SIMS [9, 10] , and the 30 Si͑p, g͒ 31 Si resonance broadening method [11, 12] overcame this difficulty. These methods, however, have the disadvantage that the 30 Si background concentration in natural Si is high (3.10%). More accurate Si self-diffusion data over a wide temperature range are not only of interest in modeling complex processing steps but are also most relevant for the understanding of the individual contributions of the various native defects, foremost interstitials, and vacancies. The self-diffusion activation energies reported so far all lie in the narrow energy range of 4 to 5 eV [2] . Combining the low-and high-temperature data a "kink" in the Arrhenius plot of Si self-diffusion was generally supposed. Only accurate self-diffusion experiments over a wide temperature range may resolve whether such a kink really exists. Recent calculations of the properties of native point defects in Si have been considerably improved [14] [15] [16] [17] . Therefore reliable experiments are required for quantitative comparison.
Compared to earlier experiments, Si self-diffusion can be studied over a wide temperature range in greater detail with isotopically controlled Si heterostructures at internal interfaces. Isotope heterostructures have already been used for investigating Ge self-diffusion [18] and Ga selfdiffusion both in GaAs [19] and GaP [20] . The main advantage of experiments with isotope heterostructures is the extension to a wider temperature range. We therefore can determine directly for the first time whether the mechanism of self-diffusion changes with decreasing temperature. In general, taking into account all contributions, the self-diffusion coefficient is given by
(1) The first two terms represent the self-interstitial ͑I͒ and the vacancy ͑V ͒ contribution to self-diffusion, where C eq I,V and D I,V are the equilibrium concentrations in atomic fractions (unitless) and diffusion coefficients of I and V ; f I,V are the correlation factors for the corresponding diffusion mechanism, which were calculated to be f I ഠ 0.73 [21] and f V 0.5 [22] for the interstitialcy and the vacancy mechanism in the diamond lattice. The last term accounts for a direct exchange of adjacent lattice atoms. This contribution will not be considered for Si self-diffusion, because calculations have shown that it does not play a role [14 -16] ; no experimental evidence has been found for it.
Our Si self-diffusion experiments used four different Si-isotope heterostructures which were grown by chemical vapor deposition at about 900 ± C on natural floatingzone Si substrates. Heterostructure No. 1 consists of a 5 mm thick p-type 28 Si layer grown on p-type substrate. Fig. 1 . The solid lines show best fits of experimental profiles which are based on
being the solution of Fick's law for self-diffusion across an interface. C 1 and C 2 are the concentrations of 30 Si in the natural Si substrate and the 28 Si epilayer, respectively. The thickness of the isotope epilayer is denoted as d 1 ; R represents the characteristic diffusion length R 2͑D SD Si t͒ 0.5 , and t is the annealing time. Si profiles are not affected by instrumental broadening caused by SIMS sputtering effects, as has been checked by a deconvolution routine [23] . Heterostructures No. 3 and No. 4 were used between 1020 and 855 ± C. Assuming a step function for both interfaces in the as-grown structure, experimental profiles measured after annealing at temperatures between 1020 and 940 ± C were fitted with Analysis of 29 Si diffusion profiles which were recorded together with the distribution of 30 Si yields data for D
SD Si
which are consistent within 10% or better with the results shown in Fig. 2 . The temperature dependence of D SD Si data deduced from 29 Si profiles yields the same preexponential factor and activation enthalpy of self-diffusion as given by Eq. (4). Self-diffusion data given by Fairfield and Masters [5, 6] for temperatures between 1100 and 1300 ± C and our results for this range are consistent. For temperatures lower than 1200
Si values reported by Kalinowski and Seguin [9, 10] and by Demond et al. [12] agree well with our values. However, the temperature dependence of the Si self-diffusion reported by these authors is described by an activation enthalpy of H SD 5.13 eV for high temperatures [5, 6] and of H SD 4.65 eV [9, 10] and H SD 4.4 eV [12] for low temperatures. Based on these earlier findings, it was assumed that the mechanism of Si self-diffusion changes when going from high to low temperatures. In contrast to this generally accepted view, the temperature dependence of our results for D SD Si clearly indicates that only one diffusion mechanism dominates Si self-diffusion in this temperature range. The native defect mediating self-diffusion is considered to be the selfinterstitial. This conclusion is consistent with experimental data for C eq I D I (see below) and recent calculations [16] . The thermal equilibrium concentration C eq I of selfinterstitials and their diffusivity D I are described by [24] , and n 0 an attempt frequency, which is estimated as the Debye frequency of ϳ10 ͑5.13 6 0.2͒ eV yields a slightly higher value than our experimental finding. As shown below, this difference is considered as an indication of a small contribution of vacancies in Si self-diffusion contained in the temperature dependence of D SD Si . Doping exerts no observable effects, even at our lowest temperatures. Self-diffusion is therefore considered to occur under intrinsic conditions. After annealing at 855 ± C, the P concentration of heterostructure No. 4 was determined to be 10 18 cm 23 . This concentration is below the intrinsic carrier concentration n i ͑855 ± C͒ 3.5 3 10 18 cm 23 [25] , and therefore no change in D 
which was obtained from the analysis of Zn diffusion into Si [28] , the best fit of our experimental D 
Equations (7) and (8) [16] . Therefore, the migration entropy S m V , which has not yet been calculated accurately, is expected to lie within 1k B to 2k B .
In conclusion, we have studied Si self-diffusion with isotopically controlled heterostructures. The temperature dependence of self-diffusion was found to be dominated by a single activation enthalpy of 4.75 eV. Taking into account the highly reliable experimental data for C eq I D I , the vacancy contribution to self-diffusion is obtained showing that self-interstitials dominate self-diffusion almost over the entire temperature range investigated which is consistent with recent first principles calculations [16] . Comparison of the activation enthalpy and entropy of I-and V -mediated self-diffusion obtained from our selfdiffusion study and calculations reveal very good agreement between experiment and theory.
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